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Subthreshold Sodium Current from Rapidly
Inactivating Sodium Channels Drives Spontaneous
Firing of Tuberomammillary Neurons
persistent current cannot be blocked by TTX without
also inhibiting the formation of fast action potentials.
The nature of the channels carrying persistent sodium
current has also been unclear. One possibility is that
persistent sodium current is carried by a special popula-
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tion of noninactivating sodium channels (Llina´s and
Sugimori, 1980), and this is the view embodied in mathe-
matical models exploring the role of persistent currentSummary
in firing (e.g., Hutcheon et al., 1996a; Butera et al., 1999).
However, in some neurons there is evidence suggestingA role for “persistent,” subthreshold, TTX-sensitive
that persistent current is somehow related to normal inac-sodium current in driving the pacemaking of many
tivating sodium current (see Crill, 1996). Approaching thiscentral neurons has been proposed, but this has been
question experimentally requires being able to both re-impossible to test pharmacologically. Using isolated
solve persistent sodium current and obtain good voltagetuberomammillary neurons, we assessed the role of
clamp of transient sodium current, which is difficult orsubthreshold sodium current in pacemaking by per-
impossible in most central neurons.forming voltage-clamp experiments using a cell’s own
The tuberomammillary nucleus of the hypothalamuspacemaking cycle as voltage command. TTX-sensitive
contains histaminergic neurons, which make wide-sodium current flows throughout the pacemaking cy-
spread projections and are believed to help control thecle, even at voltages as negative as 70 mV, and this
sleep-wake cycle of the brain (Wada et al., 1991; Browncurrent is sufficient to drive spontaneous firing. When
et al., 2001). Like other monoaminergic projection neu-sodium channels underlying transient current were
rons, the histaminergic neurons of the tuberomammil-driven into slow inactivation by rapid stimulation, per-
lary nucleus fire spontaneously in the absence of synap-sistent current decreased in parallel, suggesting that
tic input (Haas and Reiner, 1988; Llina´s and Alonso,persistent sodium current originates from subthresh-
1992; Uteshev et al., 1995; Stevens and Haas, 1996). Ihold gating of the same sodium channels that underlie
is not required for pacemaking, because block of thisthe phasic sodium current. This behavior of sodium
current by extracellular Cs has no effect on firing, andchannels may endow all neurons with an intrinsic pro-
a role for persistent sodium current has been proposedpensity for rhythmic, spontaneous firing.
(Llina´s and Alonso,1992; Uteshev et al., 1995; Stevens
and Haas, 1996). Acutely isolated tuberomammillary neu-
Introduction rons (Furukawa et al., 1994; Uteshev et al., 1995) retain
the pacemaking properties of intact neurons (Uteshev and
The central nervous system is characterized by oscilla- et al., 1995) and provide an experimental system of a
tory activity at all levels (Llina´s, 1988; Steriade, 2001; pacemaking neuron in which it is also possible to study
Steriade et al., 1993; Hutcheon and Yarom, 2000). At the transient sodium current with good voltage control. We
single-cell level, many neurons have intrinsic membrane took advantage of these properties to explore how per-
properties driving them to fire spontaneous action po- sistent sodium current contributes to pacemaking and
tentials (Llina´s, 1988). Spontaneous firing of some well- how it is related to transient sodium current.
studied central neurons, including thalamic relay neu-
rons, involves the hyperpolarization-activated cation
current known as Ih (McCormick and Pape, 1990; Pape, Results
1996), similar to pacemaking of cardiac sinoatrial cells
(DiFrancesco, 1993). However, many other central neurons We recorded from isolated tuberomammillary neurons
have been found to fire spontaneously without require- with the multidendritic morphology typical of histaminer-
ment for Ih. These include suprachiasmatic neurons (Pen- gic projection neurons (Furukawa et al., 1994; Uteshev
nartz et al., 1997), pedunculopontine neurons (Takaku- et al., 1995) and, as reported by Uteshev et al. (1995),
saki and Kitai, 1997), subthalamic neurons (Bevan and found that pacemaking was preserved in many of these
Wilson, 1999), neostriatal cholinergic interneurons (Ben- neurons. Spontaneous activity at frequencies of 0.1–10
nett et al., 2000), isolated Purkinje neurons (Raman and Hz was evident from spontaneous action currents in cell-
Bean, 1997), and neurons of the deep cerebellar nuclei attached mode before breaking the membrane for
(Raman et al., 2000). For many such neurons, it has been whole-cell recording. If an initial seal resistance of 5
hypothesized that pacemaking is driven by a “persis- G was obtained and maintained during breakthrough,
tent” TTX-sensitive sodium current that flows steadily cells continued to fire spontaneously at a similar fre-
at subthreshold voltages (e.g., Takakusaki and Kitai, quency on switching to current clamp in whole-cell
1997; Dickson et al., 1997; Bevan and Wilson, 1999; mode. The average frequency of firing was 3.3  2.7 Hz
Bennett et al., 2000; Butera et al., 1999). However, this (mean  SD; n  34). Action potentials recorded in
proposal has been difficult to assess directly, because whole-cell current-clamp mode were broad, with an av-
erage width of 10.0  5.1 ms (n  28). The membrane
potential between spikes was typically between 701Correspondence: bruce_bean@hms.harvard.edu
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in brain slice (Llina´s and Alonso, 1992; Stevens and Haas,
1996) and isolated neurons (Uteshev et al., 1995) and sug-
gest that these neurons use a mechanism of pacemaking
that does not require Ih.
Ionic currents underlying pacemaking in excitable
cells are small and difficult to characterize and quantify.
Pharmacological block of pacemaking can test whether
a given channel type is necessary but cannot quantify
the current flowing during the pacemaking cycle. The
ability to voltage clamp a cell whose pacemaking activity
can first be recorded in current-clamp mode allows a
direct, quantitative approach to this problem. To directly
measure the ionic currents underlying pacemaking, we
voltage clamped cells using as command voltage a seg-
ment of the cell’s own pattern of spontaneous firing, an
approach previously used for cardiac pacemaking cells
(Doerr et al., 1989; Zaza et al., 1997). When total mem-
brane current was recorded without electronic compen-
sation for capacitative current (Figure 1A), the current
elicited by the command voltage was nearly zero, as
expected; in this situation, ionic current and capacitative
current should be exactly equal and opposite, as they
are during a free-running action potential in an isopoten-
tial cell. To isolate ionic current, cell capacitance was
compensated electronically. As expected, ionic current
was inward during the rising phase of the action poten-
tial and outward during the falling phase. To determine
the contribution of voltage-dependent sodium current to
total ionic current, ionic current during the pacemaking
cycle was compared before and after sodium current
was blocked by the application of 1M TTX (Figure 1B).
Sodium current was maximal during the upstroke of the
action potential, and it accounted for the vast majority
of the total inward current during the upstroke. In about
half the neurons, TTX blocked all inward current elicited
by the cell’s action potential waveform. In the other
half of the neurons, a small inward current during theFigure 1. Currents Elicited in Voltage Clamp Using as Command
upstroke of the spikes remained in the presence of TTX;Wave-Form a Segment of the Cell’s Own Spontaneous Firing
this could be blocked by addition of 0.1 mM Cd2 or(A) Segment of spontaneous firing used as command wave-form
(top trace), the current recorded with no electronic compensation substitution of 2 mM Co2 for Ca2 and presumably
for capacitance (middle trace), and the current recorded with com- originates from voltage-dependent calcium channels.
pensation for capacitance (bottom trace). Filtered at 2 kHz. Inset: However, this current was always less than 10% of the
5 s recording of spontaneous firing under current clamp (no injected total inward current and was often absent. Thus, the
current) from which the command voltage was taken. Cell was firing
action potentials during spontaneous activity of tubero-at 2.1 Hz. Dashed line indicates zero voltage.
mammillary neurons are almost purely sodium spikes.(B) Effect of TTX (300 nM) on ionic current elicited by action potential
To test for sodium current during the interspike inter-waveform from cell’s own spontaneous firing (different cell than in
[A]). Action potential waveform (top). Cell was firing spontaneously val, we examined TTX-sensitive sodium channel current
at 1.7 Hz. Ionic current before and after application of 300 nM TTX at higher resolution by signal-averaging the current over
(bottom). Voltage and current traces filtered at 2 kHz. Internal solu- multiple pacemaking cycles (Figure 2). This measure-
tion: 128 mM K Methanesulfonate, 13.5 mM NaCl, 0.9 mM EGTA, ment showed that sodium current flows continuously
1.6 mM MgCl2, 0.9 mM glucose, 4 mM MgATP, 14 mM creatine throughout the pacemaking cycle. Even at the most neg-phosphate (Tris salt), 0.3 mM GTP (Tris salt), 9 mM HEPES (pH 7.2
ative voltage reached during the cycle, immediately fol-with KOH). External solution: Tyrode’s solution.
lowing the spike (70 mV for the cell in Figure 2), there
was a TTX-sensitive inward current of2 pA. In six cells
and 60 mV (e.g., Figure 1A). The firing rate, interspike studied with this protocol, the TTX-sensitive current at
voltage, and broad action potentials are all characteristic the most negative voltage reached following the spike
of histaminergic neurons previously studied in vivo (Reiner (which was 69  6 mV) amounted to 1.8  0.7 pA.
and McGeer, 1987), in brain slices (Haas and Reiner, 1988; As the interspike voltage slowly depolarized after the
Llina´s and Alonso, 1992; Stevens and Haas, 1996), and trough, sodium current increased. TTX-sensitive current
after dissociation (Uteshev et al., 1995). To test whether was 2.0  0.8 pA at 60 mV, 3.1  1.4 pA at 55
Ih was required for pacemaking, we applied 1–3 mM mV, 6.3  3.2 pA at 50 mV, 17  9 pA at 45 mV,
extracellular Cs. In 16 of 17 cells tested, firing contin- and 50  36 pA at 40 mV (mean  SD, n  6).
ued with little or no change in frequency. These results Figure 2B compares the magnitude of TTX-sensitive
current during the interspike interval with the total ionicare consistent with previous experiments with neurons
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cell’s capacitance and dV/dt is the first derivative of
the voltage trajectory (Hodgkin and Huxley, 1952). At
voltages from 70 to 60 mV, the initial part of the
interspike interval, the TTX-sensitive current is nearly
as large (between 2 and 3 pA) as the total inward
ionic current driving pacemaking. At least two other
currents are likely to be significant during the initial in-
terspike interval. One is the voltage-dependent potas-
sium current underlying the repolarization of the spike,
which presumably decays after the spike but could plau-
sibly still contribute several pA of outward current for a
short time after the trough, when the voltage is still 15–20
mV positive to the potassium equilibrium potential. An-
other is background “leak” current. When cells were
silenced by application of TTX, resting potentials varied
between 63 and 47 mV, with an average value
of 53  6 mV (n  9, mean  SD). Average input
resistance, determined by small (1–5 pA) hyperpolarizing
current injections in the presence of TTX, was 4.8  1.4
G (n  5). Thus, in the range from 70 to 55 mV, the
leak or background current would be inward and have
a magnitude of several pA. Evidently these and any other
currents sum to near zero in the voltage range from70
to 60 mV in the early part of the interspike interval,
since the TTX-sensitive inward current is very close to
the net inward ionic current during this time. Positive
to 60 mV, TTX-sensitive sodium current grows pro-
gressively larger than net inward ionic current; the out-
ward current accounting for the difference is probably
Figure 2. TTX-Sensitive Sodium Current during and between Spikes a combination of leak current and, at more depolarized
Current was elicited by repeated presentations of a segment of voltages, voltage-dependent potassium current. Over-
the cell’s own spontaneous firing (13 spikes; 3 Hz firing; peaks of all, the comparison of TTX-sensitive current with total
spikes, 19 mV; troughs, 70 mV). To increase resolution, currents
ionic current during the interspike interval shows thatwere signal-averaged over multiple cycles, aligning individual cycles
even though TTX-sensitive current is only a few pA dur-at the spike peaks.
ing the early and middle interspike intervals, it is large(A) Upper trace: signal-averaged voltage during a unit cycle. Thirteen
consecutive spikes were aligned at the peak and signal-averaged. enough to drive pacemaking.
Middle trace: signal-averaged TTX-sensitive current elicited by mul- The experiments illustrated in Figure 3 examined ionic
tiple presentations of the voltage command consisting of a continu- currents at subthreshold voltages in a different way,
ous recording of the spontaneous activity of the cell (the segment
using slow voltage ramps. In the experiment shown inconsisting of the 13 spikes that are signal-averaged in the upper
Figure 3A, performed using physiological internal andtrace). Currents were aligned by spike peaks and signal-averaged
external solutions, we used a depolarizing voltage ramp(90 cycles in control, 65 cycles after addition of 300 nM TTX). The
delivered at 20 mV/s, which in control experiments weresulting averages were subtracted to yield the signal-averaged
TTX-sensitive current. Current was recorded with low-pass amplifier found was slow enough to reach steady-state values
filtering of 10 kHz and later digitally filtered at 1 kHz. Bottom trace: of current (including TTX-sensitive sodium current). At
TTX-sensitive current plotted at higher resolution to show the in- voltages between80 and60 mV, the current-voltage
terspike current. Digitally filtered at 400 Hz.
relationship of the cell was linear, with a slope corre-(B) Current-voltage relationship of TTX-sensitive sodium current
sponding to a resistance of 3.9 G. Positive to 60 mV,during the interspike interval compared to total ionic current derived
current became more inward with depolarization, withfrom C*dV/dt, where C is the measured cell capacitance (27 pF,
determined by integrating the capacity transient for a 10 mV step a region of negative resistance between 60 mV
in the absence of electronic compensation for the cell’s capacitance) and50 mV. This behavior in voltage clamp fits well with
and dV/dt is the first derivative of the voltage during pacemaking, the spontaneous depolarization seen over this range in
derived from the signal-averaged unit cycle in (A). Currents were current clamp. The application of TTX abolished the
binned and averaged in 0.1 mV steps of the interspike voltage.
region of negative resistance and resulted in a current-Internal solution: 128 mM K Methanesulfonate, 13.5 mM NaCl, 0.9
voltage relationship that was nearly linear frommM EGTA, 1.6 mM MgCl2, 0.9 mM glucose, 4 mM MgATP, 14 mM
about 80 mV to near 40 mV, where extra outwardcreatine phosphate (Tris salt), 0.3 mM GTP (Tris salt), 9 mM HEPES
(pH 7.2 with KOH). External solution for recording of spontaneous current, presumably from voltage-activated potassium
activity: Tyrode’s solution. External solution for voltage-clamp re- channels, became significant. The linearity of the cur-
cording had 5 mM TEA added (both with and without TTX) in order rent-voltage relationship in TTX up to40 mV is consis-
to reduce potassium current during the spike and allow more accu- tent with TTX-sensitive sodium current being the main
rate TTX subtraction.
current driving spontaneous depolarization over this
voltage range. In the presence of TTX, the current-volt-
current necessary to drive pacemaking. Since the neu- age relationship for the cell shown in Figure 3 reversed
rons are electrically compact and isopotential, net ionic at 48 mV. In results from 13 cells, the average zero-
current potential in TTX was 45  14 mV. (This iscurrent can be calculated from CdV/dt, where C is the
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tance measured in voltage-clamp experiments from the
slope of ramp-induced current in the linear range
from 80 to 70 mV was 4.4  2.1 G (n 16), in good
agreement with the value of 4.8  1.4 G measured in
a different population of neurons under current clamp
using hyperpolarizing current injection in the presence
of TTX. The high input resistance of the cells means that
steady TTX-sensitive sodium currents of only a few pA
are enough to produce a region of negative resistance.
Slow ramps like that in Figure 3A are the conventional
protocol for defining persistent sodium current, ob-
tained by subtracting the currents with and without TTX.
To compare the steady-state persistent sodium current
defined by slow ramps with conventional transient so-
dium current, transient current was elicited in the same
cell by 50 ms steps from 68 mV (Figure 3B). As pre-
viously noted in a variety of other cell types, the midpoint
of activation of persistent sodium current (55 mV for
the cell in Figure 3C) was considerably hyperpolarized
compared to that of transient current (28 mV).
The pacemaking activity of the cell considered in Figures
3A and 3B can be interpreted in terms of the steady and
transient sodium currents measured in the cell. If there
were no steady subthreshold sodium current, the cell
would sit at a stable resting potential of48 mV, the zero-
current potential in the presence of TTX. However, the
presence of additional steady TTX-sensitive inward cur-
rent produces regenerative depolarization in the regionFigure 3. Steady-State Current Sodium Current Compared to Tran-
positive to 60 mV. Although the steady TTX-sensitivesient Sodium Current and Interspike Sodium Current
current is relatively small, it is large enough to produce a(A) Currents in normal physiological solutions were elicited by a 3 s
ramp from 78 to 18 mV before and after application of 3 M TTX region of negative resistance and regenerative depolariza-
(inset), signal-averaged from six sweeps in control and four sweeps tion. Under control conditions, the overall steady-state
in TTX (digitally filtered at 0.6 KHz), and plotted as a function of current has a zero-current point at38 mV. The cell does
voltage. Straight line is fit to control current between 78 and 68 not have a stable resting potential at this voltage, however,
mV and has a slope of 3.9 G and x-intercept of 50 mV. Internal
because this zero-current voltage is never reached in asolution: 128 mM K Methanesulfonate, 13.5 mM NaCl, 0.9 mM EGTA,
steady-state manner. When approached from the hyper-1.6 mM MgCl2, 0.9 mM glucose, 4 mM MgATP, 14 mM creatine
polarized direction, additional transient sodium currentphosphate (Tris salt), 0.3 mM GTP (Tris salt), 9 mM HEPES (pH 7.2
with KOH). External solution: Tyrode’s solution. flows, because sodium current during the interspike inter-
(B) In the same cell, transient currents elicited by 50 ms steps val is not in steady state. And during the repolarization
from 68 mV. Currents are not corrected for leak current and are phase of the action potential, large voltage-activated out-
signal-averaged from five sweeps (48 and 44 mV), four sweeps
ward currents flow at38 mV, so that rapid repolarization(38 mV), or a single sweep (28 mV).
continues well past this voltage.(C) Comparison of TTX-sensitive ramp current (obtained by subtrac-
Figure 3D compares the voltage dependence of in-tion of ramp currents with and without TTX) and peak transient
inward current elicited by 50 ms steps from68 mV. Peak transient terspike sodium current (measured as in Figure 2, using
inward current is almost entirely from sodium channels, based on spontaneous activity as command voltage) with steady-
kinetics, voltage-dependence, and comparison with other cells in state persistent sodium current evoked by a slow ramp
which calcium currents were measured. in the same cell. The two were nearly equal over the
(D) Comparison of persistent sodium current elicited by a ramp
range from 55 to 50 mV. However, there was anprotocol with interspike sodium current determined as in Figure 2
unexpected difference in that steady-state TTX-sensi-(same cell as Figure 2). Ramp current is TTX-sensitive current ob-
tive sodium current was not measurable (0.5 pA) nega-tained from averages of six traces in control and five traces after
addition of 300 nM TTX. Internal solution: 128 mM K Methanesulfo- tive to65 mV, where there was clear interspike current
nate, 13.5 mM NaCl, 0.9 mM EGTA, 1.6 mM MgCl2, 0.9 mM glucose, (averaging 1.5  0.6 pA, n  5). This difference was
4 mM MgATP, 14 mM creatine phosphate (Tris salt), 0.3 mM GTP consistent in three of three cells in which both protocols
(Tris salt), 9 mM HEPES (pH 7.2 with KOH). External solution: Ty- were used. This implies that at the most negative volt-
rode’s solution plus 5 mM TEA.
ages reached during the pacemaking cycle, the in-
terspike TTX-sensitive sodium current is not just steady-
slightly depolarized compared to the average resting state persistent current but is somehow enhanced by the
potential of 53  6 mV obtained in a different popula- dynamic changes in voltage during or following the action
tion of cells studied in current clamp with TTX applied to potentials. Positive to 50 mV, interspike sodium cur-
stop spontaneous firing, probably because the voltage- rent was progressively larger than persistent sodium
clamp measurements with ramps were typically per- current (as defined by slow ramps), showing that sodium
formed after more time had elapsed, after first making current is not at steady state during the interspike inter-
recordings in current clamp and recording transient so- val but still has availability for activation of transient
current with larger depolarizations. This allows the slowdium currents under voltage clamp.) The input resis-
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depolarization during the interspike interval to be fol-
lowed by a sodium spike. In the cell of Figures 2 and
3D, peak sodium current during pacemaking was 400
pA, reached at 3 mV during the upstroke of the spike.
Although this was only about 10% of the peak sodium
current that could be elicited by steps from 68 mV in
the same cell (peak, 4 nA near 10 mV), it is enough
transient current to support the full-blown sodium spikes
(overshooting to 19 mV) generated during pacemaking.
Does the persistent sodium current arise from the
same channels that underlie the phasic sodium current?
In some neurons, it has been found that the noninactivat-
ing persistent sodium current has different sensitivity to
TTX than phasic current, suggesting that the two come
from different types of channels (Hammarstro¨m and
Gage, 1998). We compared the TTX sensitivity of the
persistent current (determined by slow ramps) with that
of phasic current (determined by steps from 70 mV
to 10 mV). Figure 4A shows the results of an experi-
ment that tested the effects of 5 nM TTX on phasic
current and persistent current. To avoid possible com-
plications from use-dependent effects of TTX block
(e.g., Patton and Goldin, 1991; Conti et al., 1996) and to
determine effects on both types of current during a sin- Figure 4. TTX-Sensitivity of Persistent Sodium Current and Tran-
sient Sodium Currentgle application of TTX, transient and ramp currents were
recorded nearly simultaneously using a voltage protocol (A) Effect of 5 nM TTX on peak transient current elicited by a 60 ms
step from70 to10 mV (filled circles, right axis) and on persistentconsisting of a 60 ms step to 10 mV followed by a
current elicited by a slow ramp (open circles, left axis). Ramp wasslow ramp. The results in Figure 4A were typical, with
from70 to20 mV at a rate of 20 mV/s. Persistent sodium current5 nM TTX producing just over half-block of both types
was measured near 40 mV, where ramp-elicited sodium current
of sodium current. In five cells, peak current elicited by was maximal (averaged over 43 to 37 mV to decrease noise),
a 60 ms step from 70 to 10 or 0 mV was blocked by subtracting the current averaged over the range 70 to 65 mV.
55%  3% (mean SD). In 3 of these cells, leak current Transient and ramp currents were recorded simultaneously using a
voltage protocol consisting of a 60 ms step to 10 mV (from awas stable enough to allow measurement of persistent
steady holding voltage of 70 mV), 100 ms at 70 mV, and thencurrent elicited by a slow ramp (measured at 40 mV,
the ramp. The protocol was delivered every 10 s.where it was maximal); persistent current was blocked
(B) Time course of recovery from block by 1 M TTX assayed simul-by 54%  8%. The kinetics of development of block
taneously with ramp (open circles) and step (closed circles). Voltage
and recovery from block were also identical for steady- protocol and measurements as in (A) except that protocol was deliv-
state current and transient current. The experiment illus- ered every 6 s (different cell than in [A]). Data points for peak tran-
trated in Figure 4B examined the kinetics of recovery sient current are fit by a single exponential with time constant 63
s. Solutions were designed to isolate sodium channel currents byfrom block by TTX; for both types of current, recovery
blocking voltage-dependent calcium and potassium currents. Inter-from block could be fit well by a single exponential, with
nal solution: 120 mM TEA Cl, 15 mM NaCl, 1.8 mM MgCl2, 9 mMa time constant of 63 s for peak transient current and
EGTA, 4 mM MgATP, 14 mM creatine phosphate (Tris salt), 0.3 mM
of 66 s for ramp current. In collected results from seven GTP (Tris salt), 9 mM HEPES (pH 7.4 with TEA OH). External solution:
cells, recovery had a time constant of 60  5 s (mean  150 mM NaCl, 3 mM KCl, 15 mM TEA Cl, 3.9 mM BaCl2, 0.1 mM
SD) for transient current and 59 30 s for ramp current. CdCl2, 10 mM HEPES (pH 7.4 with NaOH).
The results from these experiments are consistent with
a single population of channels underlying both types
inactivation with such rapid entry is not common but,of current.
interestingly, has been described previously for sodiumA more direct test of whether the persistent current
current in another kind of hypothalamic pacemakingcomes from the same channels as phasic current was
neuron, suprachiasmatic nucleus neurons (Huang, 1993).suggested by a feature of the kinetics of recovery from
Using 20 ms depolarizations to 10 mV, we found thatinactivation (Figure 5). Following inactivation of phasic
slow inactivation was nearly maximal with 15 stepscurrents by a single 60 ms step to 10 mV, recovery
delivered at 34 Hz (the interpulse duration of 30 msfrom inactivation occurred in two phases, a fast phase
corresponding to about one-and-a-half time constantswith a time constant of about 20 ms at 70 mV and a
for recovery from fast inactivation).slow phase with a time constant of about 700 ms at70
We then asked whether slow inactivation induced bymV. With repeated short depolarizations to 10 mV, it
conditioning trains affects the channels underlying thewas possible to drive an increasing fraction of channels
persistent current as well as those underlying the phasicinto the slowly recovering pool. This process of slow
current. To measure persistent current as rapidly asinactivation clearly originates from the sodium channels
possible after the conditioning train (and thus minimizethat underlie transient sodium current, since short (2 ms
recovery from slow inactivation during the measure-or 5 ms) depolarizations were nearly as effective as
ment), we used ramps that began from 30 mV andlonger (20 ms or 60 ms) depolarizations in driving the
channels into slow inactivation (data not shown). Slow went in a hyperpolarized direction, following a 60 ms
Neuron
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Figure 5. Slow Phase of Recovery from Inactivation of Sodium
Channels in TMN Neurons
The kinetics of recovery from inactivation were assayed by a con-
ventional two-pulse protocol. Inactivation was produced by a 60
ms step from 70 to 10 mV, voltage was returned to 70 mV for
a variable length of time, and the extent of recovery from inactivation
during that time was assayed by a second step to10 mV. Recovery
from inactivation occurred in a biphasic manner (open circles). When
the protocol was preceded by a train of conditioning pulses, a larger
fraction of channels was in the slowly recovering pool (filled circles).
The conditioning train consisted of 14 20 ms pulses separated by
30 ms intervals at70 mV. For both protocols, current during the test
pulse was normalized to a test pulse with no preceding conditioning
pulse (10 s since last depolarization). Experimental points are fit
with the sum of two exponential functions using the same time
Figure 6. Conditioning Trains Reduce Persistent Sodium Current
constants but with different fractions for each time constant. The
(A) Persistent sodium current was measured by a 400 ms ramp thatfast time constant is 20 ms and the slow time constant is 700 ms.
began from30 mV and went in the hyperpolarizing direction to70Single conditioning pulse: 83% in fast phase and 17% in slow phase.
mV. The ramp was preceded by a 60 ms step to 10 mV (whichConditioning train: 56% in fast phase and 44% in slow phase. Inter-
produces maximal fast inactivation) so that the ramp began with anal solution: 120 mM TEA Cl, 15 mM NaCl, 1.8 mM MgCl2, 9 mM
condition of steady-state fast inactivation. Preceding the protocolEGTA, 4 mM MgATP, 14 mM creatine phosphate (Tris salt), 0.3 mM
by a conditioning train (of 14 20 ms depolarizations to 10 mV,GTP (Tris salt), 9 mM HEPES (pH 7.4 with TEA OH). External solution:
separated by 30 ms intervals at70 mV) resulted in a smaller persis-150 mM NaCl, 3 mM KCl, 15 mM TEA Cl, 3.9 mM BaCl2, 0.1 mM
tent current.CdCl2, 10 mM HEPES (pH 7.4 with NaOH).
(B) Assay of effect of conditioning train on transient sodium current
elicited by a short test pulse to 10 mV interspersed during the
ramp, starting when ramp current reached 50 mV. This test pulsestep to10 mV that produced maximal fast inactivation
assayed the effect of slow inactivation on transient current under
as a starting point. This protocol yielded persistent cur- conditions that closely paralleled the measurement of persistent
rent of the same magnitude as that obtained from current. Insets: transient sodium current with and without condition-
ing trains at higher time resolution either during initial step to 10slower, depolarizing ramps, but it could be applied in
mV (left inset) or during interspersed test pulse (right inset, noteless time. We found that driving channels into slow inac-
different current scale). The conditioning train reduced current dur-tivation with a conditioning train of 20 ms depolariza-
ing the initial step to10 mV by 69%, from 1182 to 368 pA. However,tions resulted in a substantial decrease in the persistent
this overestimates the slow inactivation present during the ramp,
current (Figure 6A). In the experiment shown in Figure since recovery from fast inactivation is still incomplete and some
6A, the conditioning train reduced the persistent current recovery from slow inactivation may occur during the ramp. The
conditioning train reduced current during the interspersed test stepduring the ramp (measured at 40 mV) by 41%, from
to10 mV by 42%, from 377 to 217 pA. This more accurately reflects25 to 15 pA. This reduction is comparable to the 40%
the effect of slow inactivation during the ramp. Internal solution:of channels underlying transient current that were put
120 mM TEA Cl, 15 mM NaCl, 1.8 mM MgCl2, 9 mM EGTA, 4 mMinto the slowly recovering pool by the same conditioning
MgATP, 14 mM creatine phosphate (Tris salt), 0.3 mM GTP (Tris
train (Figure 5). This suggests that the conditioning train salt), 9 mM HEPES (pH 7.4 with TEA OH). External solution: 150 mM
has equivalent effects on transient and persistent so- NaCl, 3 mM KCl, 15 mM TEA Cl, 3.9 mM BaCl2, 0.1 mM CdCl2, 10
mM HEPES (pH 7.4 with NaOH).dium current. However, it is difficult to compare the two
precisely, since there may be some recovery from slow
inactivation during the ramp that measures persistent
current (or, alternatively, there may be additional entry surement of persistent current. In collected results from
four cells using this protocol, the conditioning train re-into slow inactivation during the beginning of the ramp,
at depolarized voltages). Therefore, to quantitatively duced the persistent current during the ramp (measured
at 40 mV) by 41%  2% (mean  SD) and reducedcompare the effects of slow inactivation on transient
and persistent current, we ran the same voltage proto- the transient current during the test pulse by 44% 
11%. Thus, putting channels into slow inactivation by acols (both with and without conditioning trains) but with
a test pulse to10 mV inserted during the ramp, starting conditioning train has equivalent effects on the sodium
channels generating transient current and on those gen-when ramp current reached 50 mV. This test pulse
assayed the effect of slow inactivation on transient cur- erating persistent current. The simplest interpretation is
that the same channels generate both currents.rent under conditions that closely paralleled the mea-
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These results suggest that a single population of
channels passes both the transient current underlying
the rapid upstroke of the spike and the persistent current
flowing in between spikes to drive pacemaking. Figure
7 shows a kinetic model of sodium channel gating that
helps interpret this result. The model in Figure 7 (modi-
fied from Kuo and Bean, 1994) is based on experimental
evidence showing that inactivation derives its voltage de-
pendence from the same voltage-dependent steps as acti-
vation (Bezanilla and Armstrong, 1977; Armstrong and
Bezanilla, 1977; Aldrich et al. 1983; see Hille, 2001), rather
than being independent processes as in the Hodgkin-
Huxley model. In the model of Figure 7, inactivation is
promoted by activation with an allosteric-like relation-
ship, with weak inactivation of closed channels that have
not activated and strong inactivation of activated chan-
nels. To a first approximation, inactivation is coupled to
activation, so that channels become inactivated after
activating. It is not required that channels actually open
for inactivation to occur, since significant inactivation
can also occur from closed states of partial activation
(which would correspond to channels in which some
but not all S4 regions have moved). However, there is
a necessary relationship between the voltage depen-
dence of inactivation and the voltage dependence of
activation and channel opening, since all are driven by
the same voltage-dependent steps. Mechanistically, in-
activation of sodium channels involves the intracellular
linker between the third and fourth pseudosubunit do-
mains of the main sodium channel subunit (West et al.,
1991), perhaps functioning as a channel blocker when
channels have been opened by activation (Eaholtz etFigure 7. Allosteric Gating Model of Sodium Channel Gating Pre-
dicts Subthreshold Persistent Current and Transient Current from al., 1999). To account for the magnitude and voltage
the Same Channels dependence of persistent current in tuberomammillary
(A) Model. Activation occurs with voltage-dependent transitions be- neurons, maximal inactivation (of fully activated chan-
tween closed states (top row). The rate constants 	 and 
 are voltage
dependent: 	  140*exp(V/27) ms1, and 
  10*exp(V/27) ms1.
The rate constants  and  are not voltage dependent:   150 and
  40. Inactivation corresponds to movement from the top row nels, those in closed or open state) is fit by a Boltzmann function
into the bottom row. The rate constants governing entry and exit 0.007  0.993/(1  exp(V  Vh)/k), where Vh (the midpoint) is 57
from inactivation are not intrinsically voltage dependent. However, mV and k (the slope factor) is 4.8 mV. Activation curve is peak
they depend on the degree of activation. Conceptually, inactivation probability of being open during a 20 ms voltage step from 70 mV
corresponds to binding of a particle, with weak binding when chan- to the test voltage and is fit by a Boltzmann curve of the form 0.77/
nels are not activated (C1) and tight binding when channels are fully (1  exp(V  Vh)/k), with Vh  27.4 mV, k  6.4 mV. (Since peak
activated (C5 and O). For C1 and I1, the rate of inactivation is 0.004 transient Po is not well fit by a Boltzmann function over the entire
ms1 and the rate of recovery is 9 ms1. For C5 and I5, the rate of voltage range, only voltages hyperpolarized to the half-activation
inactivation is 0.05 ms1 and the rate of recovery is 0.00025 ms1. voltage were considered in the fit, in order to obtain the steepness
For O and I6 the rate of inactivation is 0.8 ms1 and the rate of of activation in this range.) The steady-state probability of being
recovery is 0.004 ms1. (Thus, binding and unbinding rates are faster open is fit by a Boltzmann curve of the form 0.004/(1  exp(V 
when channels are fully open than for “fully activated but closed” Vh)/k), with Vh  54.9 mV, k  4.8 mV.
channels, but equilibrium binding is the same.) To satisfy the princi- (C) Experimental relationship between voltage dependence of per-
ple of microscopic reversibility, the changes in rate constants for sistent current and of inactivation for sodium current in a TMN
inactivation and recovery from inactivation must be accompanied neuron. Inactivation (closed black circles) was measured using a
by complementary changes in activation and deactivation rate con- test pulse current to 10 mV following a 1 s pulse to the indicated
stants. For the states with the inactivation particle bound, activation prepulse voltage; peak test pulse current was normalized to that
is enhanced and deactivation is slowed, so that activated states for a prepulse voltage of 90 mV. TTX-sensitive persistent sodium
are stabilized by binding of the inactivation particle. Quantitatively, current (noisy blue line) was measured using a ramp from 70 mV
activation rate constants are enhanced by the factor a, where a is to20 mV at a rate of 20 mV/s. The voltage dependence of availabil-
the fourth root of the ratio between inactivation rate constants with ity is fit with a Boltzmann curve with midpoint of 58.3 mV and
no activation (0.004 ms1) and with complete activation (0.05 ms1). slope factor of 5.6 mV (solid black line). The voltage dependence
Thus, a  (0.05/0.004)1/4  1.88. Similarly, deactivation rate con- of persistent current is fit with a Boltzmann curve with midpoint
stants are slowed by a factor b, the fourth root of the ratio of the rate of 55.3 mV and slope factor of 3.4 mV (solid blue line). Fit of
constants for recovery from inactivation with or without activation. persistent current ignored points positive to 45 mV. Internal solu-
Thus, b  (9/0.00025)1/4  13.8. tion: 120 mM TEA Cl, 15 mM NaCl, 1.8 mM MgCl2, 9 mM EGTA, 4
(B) Predicted voltage dependence of activation (open red circles), mM MgATP, 14 mM creatine phosphate (Tris salt), 0.3 mM GTP (Tris
inactivation (closed black circles), and persistent conductance salt), 9 mM HEPES (pH 7.4 with TEA OH). External solution: 150
(steady-state probability of being open; closed blue circles). Solid mM NaCl, 3 mM KCl, 15 mM TEA Cl, 3.9 mM BaCl2, 0.1 mM CdCl2,
lines are fitted curves. Inactivation curve (fraction of available chan- 10 mM HEPES (pH 7.4 with NaOH).
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nels) would have an equilibrium of about 200:1 in favor
of inactivation. This is as complete as has been experi-
mentally measured for any cloned or native channels. Nev-
ertheless, the model predicts steady currents that are large
enough to account for the persistent sodium current that
drives the firing of tuberomammillary neurons.
An interesting feature of the persistent current pre-
dicted by the model is that its voltage dependence is
very similar to that of steady-state inactivation. Both
steady-state inactivation and persistent current reflect
steady-state distributions of channel states promoted
by increasing degrees of activation (in the sense of
movement of gating charge). The midpoint of persistent
current is predicted to be slightly depolarized (2 mV)
compared to that of inactivation (Figure 7B), since chan-
nels must activate completely to pass current but not
for inactivation to occur. To test whether experimentally
measured persistent sodium current has the predicted
close similarity to inactivation, we measured the voltage
dependence of persistent sodium current and the volt-
age dependence of inactivation in the same neuron (Fig-
ure 7C). The experimentally measured persistent current
shows the predicted relationship with the voltage de-
pendence of steady-state inactivation, with a similar
Figure 8. Observed (Left Column) and Predicted (Right Column) Re-slope and slightly depolarized midpoint. In collected
lationship between Degree of Activation and Rate and Complete-results from eight neurons, the midpoint of inactivation
ness of Inactivation of Sodium Currentwas 58  4 mV (mean  SD) and the midpoint of
Left column: sodium currents at 60, 55, 50, and 45 mV werepersistent conductance was 51  5 mV. Generally,
elicited by 400 ms steps from a holding potential of70 mV. Currents
the persistent current had a somewhat steeper voltage were signal-averaged from eight steps to each voltage before and
dependence (slope factor of 3.7  1.0 mV) than that of after application of 1 M TTX, and TTX-sensitive sodium current
inactivation (slope factor of 5.6  0.5 mV). The less was obtained by subtracting the averaged currents. Current at 10
mV was elicited by a 60 ms step from 70 to 10 mV (same cell)steep voltage dependence of inactivation could reflect
and signal-averaged from four sweeps before and after TTX. At eacha special role of particular S4 segments in promoting
voltage, the decay of current is fit well by a single exponential decayinactivation (Cha et al., 1999), a distinction not incorpo-
to a steady-state current; fits with the indicated time constantsrated into the model of Figure 7.
(red traces) are superimposed on the experimental current. Internal
In experimental recordings from central neurons, long solution: 120 mM TEA Cl, 15 mM NaCl, 1.8 mM MgCl2, 9 mM EGTA,
depolarizations to subthreshold voltages activate small 4 mM MgATP, 14 mM creatine phosphate (Tris salt), 0.3 mM GTP
TTX-sensitive currents that show little decay (e.g., Be- (Tris salt), 9 mM HEPES (pH 7.4 with TEA OH). External solution:
150 mM NaCl, 3 mM KCl, 15 mM TEA Cl, 3.9 mM BaCl2, 0.1 mMvan and Wilson, 1999) or that decay very slowly (e.g.,
CdCl2, 10 mM HEPES (pH 7.4 with NaOH).Pennartz et al., 1997). These noninactivating or slowly
Right column: current predicted from the model in Figure 7 for theinactivating sodium currents appear to contrast with the
same voltage steps. Current is plotted on the same scale as thefar more rapid and complete inactivation of conventional experimental records for each voltage. Current is plotted assuming
transient sodium current and could be considered mani- 3200 channels behaving according the scheme in Figure 7. Open
festations of a distinct type of channel. However, the channel current was calculated from the Goldman-Hodgkin-Katz
allosteric sodium channel model shows that both kinds current equation with PNa set so that single channel current was 2
pA at 40 mV.of current can arise from a single type of channel. The
model predicts a continuum of inactivation behavior,
from partial, slow inactivation for the smallest depolar-
steps to subthreshold voltages in the range of 65izations to very rapid and 99.5% complete inactivation
to50 mV can reasonably be interpreted as a necessaryfor large depolarizations. Figure 8 shows a comparison
aspect of the behavior of “standard issue” sodium chan-of experimental TTX-sensitive sodium current in a tu-
nels rather than originating from a special channel type.beromammillary neuron with the predictions of the model
To quantify the amount of steady-state sodium cur-for small and moderate depolarizations of relatively long
rent relative to transient sodium current as accurately(400 ms) duration. Signal averaging was used to improve
as possible, we performed experiments in which 300resolution of currents elicited by small depolarizations.
nM or 1M TTX was applied quickly (1 s), with subtrac-In both model and experiment, the kinetic behavior of
tion of signal-averaged currents recorded immediatelythe sodium current changes in a continuous manner
before and after. In one set of experiments, we signal-from very slow and partial inactivation for the smallest
averaged current elicited by 3 s ramps from 70 to 10depolarizations to increasingly rapid and complete inac-
mV, with a preceding 60 ms step from 70 to 10 mVtivation for larger depolarizations. Both experimentally
to measure peak transient current in each trace. In thisand in the model, the time constant of decay changes
series, maximal ramp-induced sodium current (reacheddramatically with depolarization, from 50 ms at 60
near 40 mV) was 16  2 pA, peak transient currentmV to1 ms at0 mV. This suggests that the noninacti-
vating and slowly inactivating sodium currents seen with at 10 mV was 1478  815 pA, and the ratio of ramp
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current to transient current was 0.93% 0.23% (mean dependence of persistent current and that of steady-
state inactivation of transient current. In the model, theSD, n  9). Another method of comparing steady-state
voltage dependence of both derives from the same volt-to transient current was to simply compare the TTX-
age sensors, and both persistent current and inactiva-sensitive current at the end of a 60 ms step from 70
tion reflect the steady-state occupancy of the variousto10 mV to the peak current. This was a more accurate
states of the channel. Both experimentally and in themeasurement, since signal-averaged series before and
model, the midpoint of the persistent conductance isafter TTX application could be obtained in less time. In
several millivolts depolarized compared to that of inacti-this series, peak transient current was 1259 519 pA,
vation, reflecting the fact that channels can inactivatesteady-state current was 9.6  5.1 pA, and the ratio
without full movement of the gating charge. However,of ramp current to transient current was 0.73% 0.12%
the voltage dependence of the two is close enough that(meanSD, n 19). Despite the fact that current magni-
at 60 to 45 mV (typical of the interspike interval),tudes varied over a factor of four from cell to cell, there
significant persistent current flows while inactivation iswas remarkably little variability in the ratio of steady to
still incomplete, with enough sodium channels still avail-peak current, consistent with the two currents arising
able for transient current to support full-blown spikesfrom the same population of channels.
when threshold is reached.
The relationship between persistent current and theDiscussion
voltage dependence of availability of transient current
may help rationalize the otherwise puzzling fact thatPersistent sodium current is commonly defined opera-
many neurons operate at resting potentials where thetionally as steady, TTX-sensitive sodium current at volt-
majority of sodium channels are inactivated. Viewedages in the range of 60 to 40 mV. Such current was
strictly from the standpoint of producing fast action po-originally inferred from current-clamp behavior near
tential upstrokes, it would be more efficient to havethreshold (Hotson et al., 1979; Llina´s and Sugimori, 1980)
fewer channels with greater resting availability. How-and subsequently recorded under voltage clamp in a
ever, substantial inactivation at the resting potential alsowide variety of neurons (reviewed by Crill, 1996). The
allows for substantial persistent sodium current nearorigin of persistent sodium current has been unclear.
rest, with larger persistent currents when there are moreOur results suggest that such a current arises in a neces-
channels and a greater degree of resting inactivation.sary manner from the subthreshold gating properties
This property may be important in determining the firingof conventional voltage-dependent sodium channels. It
properties of many neurons. Even in cells that do nothas long been realized that the gating of sodium chan-
fire spontaneously, the level of persistent sodium cur-nels is significantly different than predicted by the math-
rent near rest is likely to strongly influence repetitiveematical model formulated by Hodgkin and Huxley
firing properties (Stafstrom et al., 1982; Hutcheon et(1952). These differences, which have been important
al., 1996b; Brumberg et al., 2000; Schwarz et al., 1997;for understanding the structural basis of gating, also
D’Angelo et al., 1998; Wu et al., 2001). Similarly, somehave important implications for the physiological behav-
neurons have been noted to possess a “surplus” of
ior of neurons. Sodium channel gating is most different
transient sodium channels, in the sense that a large
from the predictions of the Hodgkin-Huxley kinetic
fraction can be blocked with minimal effects on action
equations in the subthreshold and near-threshold volt-
potential height or upstroke velocity (Madeja, 2000).
age range, where activation is just beginning and inacti- While upstroke velocity has a strongly sublinear depen-
vation is pronounced. Hodgkin-Huxley gating predicts dence on sodium channel density at high densities (be-
a “window current” in this voltage range, arising from cause as sodium channel density increases, maximum
the overlap of steady-state activation and inactivation upstroke is reached at times when progressively less
curves. Since activation and inactivation are indepen- complete activation has occurred; Cohen et al., 1984),
dent processes in this model, this window current can persistent current should be linearly related to channel
be arbitrarily small, since channels can inactivate with- density. Thus pacemaking and repetitive firing proper-
out ever opening. In real sodium channels, however, ties can be expected to be much more sensitive to so-
inactivation is closely linked to activation and derives dium channel density than is upstroke velocity.
its voltage dependence from the same gating charge In all neurons where it has been measured, persistent
movements driving activation (Bezanilla and Armstrong, current is found to activate over a voltage range signifi-
1977; Armstrong and Bezanilla, 1977; Aldrich et al., cantly hyperpolarized compared to transient current.
1983). To a first approximation, channels activate before In tuberomammillary neurons, persistent current has a
inactivating, so that current flows as channels reach midpoint of 56 mV while that of transient current is
steady-state inactivation—a feature of obvious physio- near 25 mV. In the model, persistent current has a
logical importance at subthreshold voltages. However, different voltage dependence than transient current for
while the basic coupling between activation and inacti- the same reason that steady-state inactivation does:
vation is very clear, a variety of experiments show that while both persistent current and inactivation reflect
it is not strictly necessary for channels to actually open steady-state occupancy of various states, the amount
en route to inactivation. The model in Figure 7 embodies of peak transient current depends critically on the kinet-
a looser, allosteric coupling in which inactivation is fa- ics of the activation and inactivation steps, and maximal
vored by the progressive activation of the four pseu- peak transient current can only be reached when activa-
dosubunits of the main sodium channel molecule. tion is much faster than inactivation, occurring only with
Both the model and experimental data suggest the large depolarizations. This explanation for the different
activation ranges of persistent current and transient cur-existence of a close relationship between the voltage
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rent is an alternative to the possibility that persistent cytes, NaV1.2 channels inactivate to a steady level of
0.5% of peak, NaV1.1 channels to 2%, and NaV1.6current arises by a mode-shifting process in which chan-
nels occasionally lose the ability to inactivate altogether channels to 2%–4% (Smith et al., 1998). This raises the
possibility that different levels of persistent current in(Alzheimer et al., 1993; Brown et al., 1994).
We found that persistent sodium current in tubero- different neurons may reflect, in part, different mixtures
of rapidly inactivating channel types. Consistent withmammillary neurons has the same sensitivity to slow
inactivation as does transient current. This fits well with this, persistent current in Purkinje neurons (expressed
as a fraction of transient current) is smaller (1.2%) inprevious data in a variety of neurons showing sensitivity
of persistent sodium current to slow inactivation (Fleid- mutant mice lacking the NaV1.6 channel than in wild-
type mice (2.7%; Raman et al., 1997). Similarly, in pre-ervish et al., 1996; Fleidervish and Gutnick, 1996; Magis-
tretti and Alonso, 1999), although in most other cell frontal cortex pyramidal neurons, persistent current is
4% in wild-type mice and 1.5% in NaV1.6 null micetypes, slow inactivation has been produced by long de-
polarizations to strongly depolarized voltages rather (Maurice et al., 2001). Of heterologously expressed
channels, the steady-state inactivation in tuberomam-than the trains of brief depolarizations that are effective
in tuberomammillary neurons. As in tuberomammillary millary neurons is closest to that of NaV1.2 channels
(Smith et al., 1998).neurons, persistent sodium current in neocortical pyra-
midal neurons appears to be reduced in parallel with The steady-state sodium current predicted by the allo-
steric gating model can be viewed as a window currenttransient current by a given conditioning protocol (Fleid-
ervish and Gutnick, 1996), consistent with the same pop- in the sense that it originates from partial activation
and incomplete inactivation of a single type of channel.ulation of channels underlying both. Similarly, in prefron-
tal cortex neurons, the non-NaV1.6 fraction of persistent Previously, it has been noted that experimentally mea-
sured persistent sodium currents in a variety of neuronssodium current is reduced by dopamine agonists to the
same extent as transient current, again suggesting a differ from the window current predicted from overlap
of measured activation and inactivation curves (e.g.,common origin (Maurice et al., 2001).
There is no reason to think that the transient sodium French et al., 1990; Kay et al., 1998; Maurice et al., 2001).
The difference is that persistent current declines onlychannels in tuberomammillary neurons are unusual or
specialized in producing a large amount of persistent moderately as membrane voltage is depolarized beyond
where the currents reach a maximum, near40 mV (e.g.,current. In fact, the persistent current in tuberomammil-
lary neurons appears to be smaller than in most other Figure 7B), while the predicted window current declines
sharply over this voltage range. However, the differenceneurons, both in absolute levels and as a fraction of
transient sodium current. Sodium current in tuberomam- arises primarily because the fitted inactivation curves
used to predict window current are assumed to decaymillary neurons inactivates to a steady-state level of
about 0.7% of the peak current (where inactivation is to zero, in line with the Hodgkin-Huxley equations. In
fact, with sufficiently accurate measurements in anymaximal, depolarized to20 mV). This is more complete
inactivation than that yet described for sodium current preparation, it is clear that inactivation is never com-
plete. If it is recognized that channel availability (whichin any preparation and can be compared to values of
0.8%–4% in hippocampal neurons (Raman and Bean, includes open channels as well as channels capable of
giving further transient current) declines to a steady level1997; Hammarstro¨m and Gage, 1998, 1999), 1%–3% in
neocortical pyramidal neurons (Cummins et al., 1994), of 0.5%–4% rather than to zero, then the apparent dis-
crepancy between measured persistent current and pre-2% in entorhinal cortex layer II neurons (Magistretti and
Alonso, 1999), 2%–3% in cerebellar Purkinje neurons dicted window current disappears. With the modern bio-
physical view of sodium channel inactivation, steady(Raman and Bean, 1997; Raman et al., 1997), 2.5% in
thalamocortical neurons (Parri and Crunelli, 1998), 4% sodium current at subthreshold voltages is a natural
consequence of an inactivating particle binding weaklyin prefrontal cortex pyramidal neurons (Maurice et al.,
2001), and 20% in squid giant axons (Bezanilla and Arm- to partially activated channels and strongly (but still re-
versibly) to fully activated channels.strong, 1977). Although measurements for central neu-
rons are complicated by the necessity of obtaining good Isolated tuberomammillary neurons have typical input
resistances of 4 G and resting potentials of 55voltage control to accurately measure peak transient
current from holding potentials with full availability, the to 45 mV (in the presence of TTX), suggesting that
background potassium conductance is small. The highcomparison suggests that the sodium currents in tuber-
omammillary neurons are at the low end of the range. resting resistance of isolated tuberomammillary neurons
will help promote firing from subthreshold persistentAt a mechanistic level, inactivation is believed to be
produced by physical plugging of the internal mouth of sodium currents. Since intact neurons almost certainly
have significantly lower input resistances (0.1–0.3 G,the channel by a part of protein including the linker
between third and fourth pseudosubunit domains (see measured with sharp microelectrodes; Haas and Reiner,
1988; Kamondi and Reiner, 1991; Llina´s and Alonso,Catterall, 2000). For the sodium current in tuberomam-
millary neurons, the quantitative relationship between 1992), is the pacemaking mechanism of intact neurons
fundamentally different? This seems unlikely, since inpersistent sodium current and transient sodium current
can be explained if this “blocking reaction” is 99.5% both cases pacemaking is insensitive to block of Ih and
occurs at similar frequencies (mean of near 2–3 Hz) andcomplete. Interestingly, for cloned neuronal sodium
channels expressed in Xenopus oocytes, the complete- with similar interspike voltages. Although the resting
resistance of intact tuberomammillary neurons in hypo-ness of inactivation is different for different channels,
suggesting that the effective equilibrium of the blocking thalamic slices is lower than dissociated cells, it is also
likely that sodium current of intact neurons is larger, duereaction differs among channels. With expression in oo-
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to sodium channels in the initial segment of the axon charge in the activated position, so that the tail current
(and possibly in dendrites as well). Some other neurons reflecting deactivation of channels with equilibrated in-
that show pacemaking activity suspected to depend on activation is much slower than tail current from open
persistent sodium currents have relatively large resting channels that are not in equilibrium with inactivated
resistances even when measured in intact cells in brain states. However, such a current would be expected to
slices (e.g., 1.2 G for suprachiasmatic nucleus neu- decay with a time constant of 20 ms near 70 mV,
rons; Pennartz et al., 1997). These neurons, like tubero- which is too fast to account for the experimentally ob-
mammillary neurons, presumably have a much smaller served current immediately after the spike. An intriguing
resting potassium conductance than cells like cerebellar possibility is that the postspike current is related to the
granule neurons that are quiescent and have resting prominent slow inactivation in tuberomammillary neu-
potentials negative to 60 mV (Millar et al., 2000; Brick- rons. This slow inactivation appears to develop from
ley et al., 2001). open channels, and, if recovery from slow inactivation
While suggesting that even the most completely inac- also occurred through the open state, it might be accom-
tivating sodium channels produce physiologically signif- panied by a small steady current. During steady firing,
icant persistent sodium current, the results do not rule it is likely that a substantial fraction of channels are in
out additional subthreshold sodium currents from more the slow inactivated state.
specialized mechanisms, such as mode shifts to nonin- The combination of persistent current at voltages60
activating states (Alzheimer et al., 1993; Brown et al., to 45 mV together with significant availability of tran-
1994) or individual channels with unusually incomplete sient current at these same voltages constitutes an in-
inactivation (Magistretti et al., 1999). In some neurons, trinsic system of rhythmic pacemaking generated by a
single channel recordings give clear evidence for pro- single type of ion channel. Since virtually all neurons
longed bursts of openings that do not correspond to have a large density of voltage-dependent sodium chan-
stochastic transient visits of normal sodium channels nels, all neurons should have this intrinsic drive to rhyth-
to the open state (Alzheimer et al., 1993; Magistretti et mic firing. Clearly, many neurons do not fire spontane-
al., 1999; Magistretti and Alonso, 1999; Agrawal et al., ously, and pacemaking from sodium channels can be
2001). Preparations like entorhinal cortex pyramidal prevented if there is a resting potassium conductance
neurons in which this behavior is prominent have much large enough to counteract the subthreshold sodium
larger persistent sodium current relative to transient cur- current. In some cases, reduction of the resting potas-
rent (2%; Magistretti and Alonso, 1999) than in tubero- sium conductance by modulatory transmitters leads to
mammillary neurons. However, whatever more special- spontaneous firing of otherwise quiescent neurons (e.g.,
ized mechanisms for generating persistent current may Bergles et al., 1996). We can speculate that the mecha-
exist, our results suggest that even normal sodium chan- nism of such firing is similar to that of neurons like
nels produce a persistent current large enough to be tuberomammillary neurons that lack the brake of a large
physiologically important. background potassium conductance to begin with. Our
An unexpected feature of the interspike sodium cur- results suggest that spontaneous activity of neurons
rent recorded using spontaneous action potential wave- can be viewed, not as a special behavior requiring a
forms is the presence of current immediately after spikes special complement of channels, but as the intrinsic
at voltages as negative as 70 mV. No measurable per- propensity of all neurons that use sodium channels for
sistent current (elicited by slow ramps) is evident at spike formation, requiring the presence of resting potas-
voltages this negative, even with equivalent signal aver- sium channels to prevent or modulate this inherent ten-
aging. The origin of the postspike sodium current during dency.
pacemaking is unclear. In cerebellar Purkinje neurons,
a much larger postspike surge of sodium current results Experimental Procedures
from a specialized mechanism of inactivation from
Cell Isolationwhich channels recover through the open state (Raman
We examined neurons isolated from the tuberomammillary regionand Bean, 1997, 1999, 2001). This “resurgent” current,
of the hypothalamus from rats aged 8–20 days postnatal, with mostas large as 100–200 pA, helps produce rapid depolariza-
data coming from rats aged 13–15 days. The procedure for dissocia-tion immediately after an action potential and is well
tion was adapted from that of Uteshev et al. (1995). The brain was
suited for cells that fire spontaneously at 40–50 Hz. How- removed into ice-cold dissociation solution (82 mM Na2SO4, 30 mM
ever, tuberomammillary neurons, which fire much more K2SO4, 10 mM HEPES, 10 mM glucose, 5 mM MgCl2 [pH 7.4 with
slowly, do not show resurgent sodium current (data not NaOH], bubbled with 100% O2). Three transverse hypothalamic
slices (350 microns thick) containing the tuberomammillary nucleusshown). The sodium current immediately after spikes in
were cut using a vibrating tissue slicer (Campden Vibroslice, Worldtuberomammillary neurons could be partly a slow “tail”
Precision Instruments, Sarasota, FL); tissue stabilization requiredcurrent that reflects the deactivation of the small fraction
for slice cutting was accomplished by affixing tissue to a submerged
of channels open in the steady state when inactivation Sylgard block with 22-gauge syringe needles, and tissue was kept
is maximal (but not quite complete). Such a current is completely submerged in dissociation solution during slicing. After
predicted by models like that in Figure 7 and is expected 10 min of stabilization in ice-cold dissociation solution, slices were
incubated at 22C for 25 min in dissociation solution containingto decay with the time constant of recovery from inacti-
papain (0.4 mg/mL). In early experiments, EDTA (0.2 mM) and cys-vation (Kuo and Bean, 1994), and slow tail currents with
teine (2 mM) were added together with papain, but, in later experi-such kinetics can be seen in experimental records of
ments, these were omitted. There was no difference in the electro-TTX-sensitive current in several preparations (hippo-
physiological properties of the cells prepared without EDTA and
campal CA1 neurons, Kuo and Bean, 1994; deep cere- cysteine, but cells were healthier for longer. Slices were washed
bellar nuclei neurons, Raman et al., 2000). The relatively with the dissociation solution and kept at room temperature (22C)
with oxygen blowing gently on the air-water interface.slow decay arises because inactivation stabilizes gating
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To isolate cells, the tuberomammillary nucleus was dissected from age-activated potassium current sometimes showed a use-depen-
dence such that it decreased with repeated stimuli. Reporteda slice, placed in Tyrode’s solution (150 mM NaCl, 4 mM KCl, 10
mM HEPES, 10 mM glucose, 2 mM MgCl2, 2 mM CaCl2 [pH 7.4 with voltage-clamp results with unmodified Tyrode’s solution were con-
fined to cells in which this effect did not interfere with measurementNaOH]), and cells were dissociated by trituration through a Pasteur
pipette with the tip fire-polished to a diameter of about 0.2 mm. of TTX-subtracted sodium current.
The experiments examining the quantitative relationship betweenDissection of the tuberomammillary region was guided by prelimi-
nary experiments in which we determined the location of histaminer- persistent sodium current and transient sodium current were done
with internal and external solutions designed to isolate sodium cur-gic neurons in the slices by performing immunohistochemistry using
primary antibodies against histamine or adenosine deaminase (Patel rents. For these experiments, the internal solution was: 120 mM TEA
Cl, 15 mM NaCl, 1.8 mM MgCl2, 9 mM EGTA, 4 mM MgATP, 14 mMet al., 1986; Wada et al., 1991).
As previously described (Furukawa et al., 1994; Uteshev et al., creatine phosphate (Tris salt), 0.3 mM GTP (Tris salt), 9 mM HEPES
(pH 7.4 with TEA OH). (The liquid junction potential between this1995), neurons isolated from the tuberomammillary nucleus fell into
two morphological classes: large neurons that usually had three or and Tyrode’s solution was 1 mV and was not corrected for.) The
external solution was: 150 mM NaCl, 3 mM KCl, 15 mM TEA Cl, 3.9more dendritic processes, previously described to correspond to
histaminergic projection neurons, and smaller bipolar neurons cor- mM BaCl2, 0.1 mM CdCl2, 10 mM HEPES (pH 7.4 with NaOH).
All experiments were done at room temperature. Statistics areresponding to interneurons. In confirmation of the identification of
multidendritic neurons as histaminergic neurons, we found that dis- reported as mean  standard deviation.
sociated neurons with this morphology were stained by antibodies
to adenosine deaminase (G. Yao and A.T., unpublished data), a Acknowledgments
marker for histaminergic neurons (Patel et al., 1986; Wada et al.,
1991). In recordings from more than 300 neurons with multidendritic Thanks to Thomas Scammell and Thomas Chou for advice on local-
morphology, the electrophysiological characteristics of all but two ization and dissection of the tuberomammillary nucleus and to Mi-
neurons were highly stereotyped: wide action potentials, prominent chael Do, Alexander Jackson, Marco Martina, Michelino Puopolo,
A-type potassium current in voltage clamp, sodium currents show- and Andrew Swensen for comments on the manuscript.
ing prominent slow inactivation with brief trains of short pulses
(Figure 5), and, in many cells, spontaneous low-frequency firing in Received November 12, 2001; revised January 2, 2002.
current clamp.
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